The mammalian target of rapamycin (mTOR) integrates signals from nutrients and insulin via two distinct complexes, mTORC1 and mTORC2. Disruption of mTORC2 impairs the insulin-induced activation of Akt, an mTORC2 substrate. Here, we found that mTORC2 can also regulate insulin signaling at the level of insulin receptor substrate-1 (IRS-1). Despite phosphorylation at the mTORC1-mediated serine sites, which supposedly triggers IRS-1 downregulation, inactive IRS-1 accumulated in mTORC2-disrupted cells. Defective IRS-1 degradation was due to attenuated expression and phosphorylation of the ubiquitin ligase substrate-targeting subunit, Fbw8. mTORC2 stabilizes Fbw8 by phosphorylation at Ser86, allowing the insulin-induced translocation of Fbw8 to the cytosol where it mediates IRS-1 degradation. Thus, mTORC2 negatively feeds back to IRS-1 via control of Fbw8 stability and localization. Our findings reveal that in addition to persistent mTORC1 signaling, heightened mTORC2 signals can promote insulin resistance due to mTORC2-mediated degradation of IRS-1.
INTRODUCTION
Mammalian target of rapamycin (mTOR) responds to the presence of nutrients, energy, and growth factors to link cellular metabolism with growth and proliferation. The rapamycin-sensitive mTOR protein complex 1 (mTORC1) activates the translational regulator S6K leading to increased protein synthesis in response to amino acids (Zoncu et al., 2011) . On the other hand, mTORC2 composed of mTOR, rictor, SIN1, and mLST8, which is neither directly or acutely sensitive to rapamycin, responds to growth factors such as insulin (Oh and Jacinto, 2011) . Insulin stimulation induces PI3K activation and subsequent increase of phosphatidylinositol-3,4,5-trisphosphate (PIP3). This phospholipid second messenger recruits Akt to the plasma membrane where Akt becomes phosphorylated and activated by PDK1 and mTORC2. Activated Akt mediates the metabolic actions of insulin such as augmenting glucose transport and promoting mTORC1 signaling to drive protein synthesis and cell growth (Zoncu et al., 2011) .
Proximal to the insulin receptor (IR), the insulin receptor substrate (IRS) mediates signals triggered by insulin. Inhibition of IRS function contributes to desensitization of cells to insulin that can occur in type 2 diabetes and other metabolic disorders (White, 2002) . IRS (family of proteins IRS-1-6; referred herein as the well-studied IRS-1) is recruited to the IR and phosphorylated at Tyr residues upon IR stimulation. IRS-1 contains up to 20 potential Tyr phosphosites. Tyr-phosphorylated IRS-1 is associated with positive regulation of insulin signaling as it recruits a number of effector molecules that bind to the pTyr via their SH2 domains. However, IRS-1 is also regulated via Ser phosphorylation at numerous sites (Gual et al., 2005) . Although Ser phosphorylation at specific sites can enhance insulin signaling (Giraud et al., 2004; Luo et al., 2007; Paz et al., 1999) , most studies support that hyper-Ser/Thr phosphorylation serves as a negative feedback to downregulate IRS-1 function and can eventually promote IRS-1 degradation and insulin resistance (Hotamisligil et al., 1996; Liu et al., 2004; Shah and Hunter, 2006; Tremblay et al., 2007) . Ser phosphorylation of IRS-1 at critical sites can block Tyr phosphorylation and prevent IRS-1 binding to the IR (Hartman et al., 2001; Liu et al., 2004) . Thus, a balance of negative and positive signals via counteracting Ser and Tyr phosphorylation serves to regulate IRS-1.
Numerous kinases including mTOR have been linked to IRS-1 downregulation (Gual et al., 2005) . In line with the role of mTORC1 in IRS-1 downregulation, rapamycin inhibits IRS-1 mobility upshift in SDS-PAGE, which corresponds to increased Ser phosphorylation, but whether it blocks IRS-1 degradation is controversial (Haruta et al., 2000; Pederson et al., 2001; Sun et al., 1992; Zhande et al., 2002) . Moreover, mTORC1 is linked to phosphorylation of IRS-1 at Ser636/639 (murine Ser632/ 635), and raptor knockdown can stabilize IRS-1 (Tzatsos, 2009) . IRS-1 is also phosphorylated at Ser302 by S6K. Increased phosphorylation at this site along with Ser632 and Ser635 has been observed in mouse models of obesity and insulin resistance (Harrington et al., 2004; Um et al., 2004; Werner et al., 2004) . Importantly, elevated activation of the mTORC1/S6K pathway that can occur in the absence of TSC1/TSC2 elicits a negative feedback signal that hyperphosphorylates IRS-1 at Ser residues, thereby diminishing insulin signals (Harrington et al., 2004; Shah et al., 2004; Tremblay and Marette, 2001; Um et al., 2004) . Thus, abundant nutrients that augment mTORC1 signaling could generate insulin resistance via the mTORC1/S6K-mediated phosphorylation and downregulation of IRS-1.
IRS-1 degradation following chronic insulin exposure occurs in a PI3K-dependent manner and involves the ubiquitin (Ub)-proteasome pathway Haruta et al., 2000; Pederson et al., 2001; Smith et al., 1995; Sun et al., 1999) . PI3K inhibition blocks the 26S proteasome-mediated degradation of IRS-1 (Lee et al., 2000) . 26S proteasome inhibitors also prevent IRS-1 degradation (Lee et al., 2000; Sun et al., 1999) . The proteasome degradation cascade is initiated by activation of E1 ubiquitin activating enzyme, followed by activation of E2 Ub-conjugating enzymes that transfer ubiquitin from E1 to E3 that then catalyzes substrate ubiquitylation. Ub-tagged proteins are recognized by the 26S proteasome and undergo degradation. Recently, the Cullin 7 (CUL7) E3 Ub-ligase complex containing the substrate recognition subunit F-box protein Fbw8 (also called Fbxw8 and Fbx29), Skp1, and ROC1 RING finger protein was identified to target IRS-1 in an mTOR/S6K-dependent manner (Xu et al., 2008 ). The precise mechanism as to how this Ub-ligase complex can target IRS-1 for degradation remains to be further elucidated.
Whereas the role of mTORC1 in downregulating insulin signals is relatively well characterized, it is unclear if mTORC2 can also signal to IRS-1 via feedback regulation. mTORC2 promotes the allosteric activation and stability of AGC kinases, and some of these kinases can regulate IRS-1 as part of a feedback loop (Gual et al., 2005; Oh and Jacinto, 2011) . Whether enhanced mTORC2 signals could promote insulin resistance via mechanisms other than AGC kinase regulation has not been addressed. Here, we found that mTORC2 can negatively feed back to IRS-1 to diminish insulin signaling. We uncover that mTORC2 functions in the regulation of Fbw8 that allows Fbw8 to mediate IRS-1 turnover following insulin stimulation.
RESULTS

IRS-1 Protein Levels Are Increased upon mTORC2 Disruption
Akt and PKC phosphorylation are defective in mTORC2-disrupted cells, whereas S6K activation is normal (Oh and Jacinto, 2011) . Since Akt and PKC have also been reported to control IRS-1, we investigated how insulin/IRS-1 signaling is affected in mTORC2-disrupted cells. Unexpectedly, IRS-1 levels were highly elevated in the absence of SIN1 ( Figure 1A) . Following serum restimulation, IRS-1 levels were decreased by 30 min in wild-type (WT) mouse embryonic fibroblasts (MEFs), whereas they remained elevated in SIN1 À/À cells (Figure 1B) . The increase in IRS-1 levels can be attenuated upon re-expression of SIN1, confirming that the defect is specific to SIN1 deletion ( Figure 1C ). We further verified using small interfering RNA (siRNA) how mTORC2 components can modulate IRS-1 levels. The expression of IRS-1 in MEFs was enhanced when each mTORC2 component was silenced (Figure 1D) . Knockdown of raptor can also slightly increase IRS-1 levels as reported previously (Tzatsos, 2009) . To examine the contribution of mTORC1 versus mTORC2 in controlling IRS-1 levels, we treated MEFs with rapamycin. Acute treatment (1-6 hr), which abolished mTORC1-mediated phosphorylation of S6K, did not significantly enhance IRS-1 expression levels ( Figure 1E ). Prolonged (12-24 hr) rapamycin treatment that can disrupt mTORC2, supported by diminished Akt phosphorylation ( Figure 1E ), led to elevation of IRS-1 levels ( Figures 1E  and 1F ). The mTOR active site inhibitor, Torin1, which inhibits mTORC1 and mTORC2, increased IRS-1 levels both during acute and prolonged treatment ( Figure 1E ). Furthermore, the elevated IRS-1 levels in SIN1 À/À were only slightly enhanced by rapamycin ( Figure 1F ). Collectively, these results support that mTORC2 plays a role in controlling IRS-1 expression levels.
IRS-1 Synthesis Is Similar in WT and SIN1 -/-MEFs
We next examined why IRS-1 levels are increased in the absence of SIN1. First, we determined whether the elevated expression could be due to enhanced transcription. However, total IRS-1 mRNA levels were comparable between WT and SIN1 À/À (Fig- ure S1A available online). In addition, quantitative PCR analysis revealed no significant difference in IRS-1 mRNA levels (Figure S1B ). Next, we performed metabolic labeling to determine the amount of newly translated IRS-1. Despite a slight decrease in the amount of total labeled proteins as previously reported in SIN1 À/À (Oh et al., 2010) , there was no significant difference in the amount of newly synthesized IRS-1 between WT and SIN1 À/À ( Figure S1C ). Thus, increased IRS-1 levels upon mTORC2 disruption are not due to enhanced transcription or translation.
IRS-1 Has a Slower Turnover Rate in the Absence of SIN1
We then compared the turnover rate of total IRS-1. We incubated cells with cycloheximide (CHX) to block de novo IRS-1 synthesis ( Figure 2A ). Whereas IRS-1 had a half-life of roughly 4 hr in WT, IRS-1 in SIN1 À/À remained substantial even at 24 hr ( Figure 2A ) and the half-life was approximately 15 hr (Figure 2A, right panel) . CHX-induced S6K activation remained robust in SIN1
, further supporting that the decreased IRS-1 turnover is not due to defective mTORC1 signaling. To analyze the specific turnover of newly synthesized IRS-1, we performed pulse-chase analysis. Consistent with the decreased turnover of total IRS-1, metabolically labeled IRS-1 remained detectable at 24 hr of chase in SIN1 À/À ( Figure 2B ). We then examined if the decreased turnover of IRS-1 is due to abnormal proteasomal degradation. We used MG132 to inhibit proteasome degradation and assessed the accumulation of ubiquitylated IRS-1. In WT, abundant ubiquitylated IRS-1 accumulated upon MG132 treatment. In contrast, minimal ubiquitylated IRS-1 in SIN1
was observed despite robust accumulation of ubiquitylated total proteins in these cells ( Figure 2C ). Taken together, our results indicate that there is decreased turnover of IRS-1 when mTORC2 is disrupted.
Proximal IRS-1 Signaling Is Defective in mTORC2-Disrupted Cells Previous studies have shown that blocking IRS-1 degradation can sustain insulin signaling (Haruta et al., 2000) . Although downstream insulin signaling, such as Akt activation, is defective in mTORC2-disrupted cells, it is possible that signals upstream of mTORC2 or proximal to the IR and IRS-1 could be enhanced in SIN1
À/À
. Therefore, we examined if the elevated IRS-1 levels are associated with enhanced IRS-1 signaling. We evaluated whether IRS-1 undergoes phosphorylation at Tyr935 (human Tyr941), one of several sites where PI3K can bind upon insulin stimulation (Taniguchi et al., 2006) . Whereas Tyr935 phosphorylation was highly induced after insulin restimulation in WT, there was hardly any discernible phosphorylation in SIN1 À/À when IRS-1 levels were normalized to WT levels ( Figure 3A , upper panel) or even upon loading increased amounts of protein from SIN1 À/À extracts ( Figure 3A , lower panel). Insulin growth factor-1 stimulation led to more robust Tyr935 phosphorylation in SIN1 À/À albeit at lower levels than in WT ( Figure S2 ). Because of the attenuated IRS-1 Tyr phosphorylation, we then examined the association of Grb2 and PI3K, two SH2 domain-containing proteins that bind to IRS-1 (Taniguchi et al., 2006) . Immunoprecipitation of IRS-1 further confirmed low Tyr935 phosphorylation in SIN1 À/À ( Figure 3B ). Interaction of Grb2 with IRS-1 was induced upon insulin restimulation but appeared to be similar in both WT and SIN1 À/À despite increased amounts of immunoprecipitated IRS-1 from SIN1 À/À ( Figure 3B ). In contrast to Grb2, p85 binding to IRS-1 was increased in SIN1 À/À , corresponding to enhanced total p85 expression. Interestingly, despite elevated p85 expression and association with IRS-1, the binding of p110 was not increased ( Figure 3C ). Since inactive monomeric p85 can compete with the catalytically active p85-p110 heterodimer for IRS-1 binding (Taniguchi et al., 2006) , our results suggest that there could be attenuated PI3K activity and thereby diminished amount of PIP3 production in SIN1 À/À . Indeed, PIP3 production was blunted upon insulin restimulation of starved cells ( Figure 3D ). Together, these results reveal that although IRS-1 levels are elevated, IRS-1 signaling is dampened, and suggest diminished signaling capacity of IRS-1 in the absence of mTORC2.
IRS-1 Undergoes Phosphorylation at the mTORC1/S6K-Mediated Serine Sites in mTORC2-Disrupted Cells
We then examined Ser phosphorylation, which is linked to IRS-1 degradation (Liu et al., 2004; Shah and Hunter, 2006; Tremblay et al., 2007) . The phosphorylation levels of Ser302 and Ser632/ 635 were proportional to the enhanced IRS-1 expression levels in SIN1
À/À ( Figure 4A ). Phosphorylation of these sites was abolished during starvation and induced upon serum restimulation. In agreement with these sites being phosphorylated via mTORC1/S6K, S6K activation was triggered and considerably enhanced in SIN1 À/À . Prolonged insulin stimulation reduced IRS-1 levels in WT but not in SIN1 À/À ( Figure 4B ). Rapamycin attenuated phosphorylation at Ser632/635 in both WT and SIN1 À/À . Furthermore, inhibition of both mTOR complexes by Torin1 also reduced phosphorylation at these sites. Surprisingly, despite the decreased Ser phosphorylation, there was no increase in Tyr phosphorylation in SIN1 À/À , further supporting that the accumulated IRS-1 in SIN1 À/À has decreased signaling capacity ( Figure 3 ). Together, these results suggest that Ser phosphorylation at sites mediated by mTORC1/S6K is linked to decreased IRS-1 signaling but can be uncoupled from its degradation.
To further examine how IRS-1 levels and phosphorylation are affected upon mTOR inhibition, we utilized adipocytes and muscle cells, which are highly insulin-responsive cells. Upon insulin restimulation of differentiated 3T3-L1 adipocytes, IRS-1 had decreased mobility accompanied by increased Ser632/635 phosphorylation (Figures 4C and S3A) . After 6 hr of insulin restimulation, IRS-1 acquired faster mobility and had attenuated levels. Rapamycin blocked Ser phosphorylation of IRS-1 and upon prolonged treatment (6-24 hr), it delayed IRS-1 degradation in adipocytes ( Figure 4C ) and myotubes ( Figure 4D ). Torin1 treatment prevented mobility upshift and Ser phosphorylation ( Figures 4C, 4D , and S3A). Furthermore, IRS-1 expression levels remained high even at 24 hr of insulin stimulation. Unlike in SIN1 À/À ( Figure 4B ), the attenuated Ser phosphorylation upon Torin1 treatment corresponded to prolonged phosphorylation of Tyr935 ( Figures  4C, 4D , and S3A). Thus, inhibition of both mTOR complexes can prolong IRS-1 Tyr phosphorylation and prevent its degradation in adipocytes and myotubes.
Fbw8 Protein Expression Is Decreased upon mTORC2 Disruption
We next investigated whether the Fbw8/CUL7 ubiquitin ligase complex that targets IRS-1 (Xu et al., 2008) could be involved in the aberrant degradation of IRS-1 in SIN1 À/À . When we examined the protein expression of CUL7 and Fbw8, there was a marked attenuation of Fbw8 levels in SIN1 À/À , whereas CUL7 expression was comparable ( Figure 4E ). Torin1 and prolonged rapamycin treatment also diminished Fbw8 levels in adipocytes and myotubes ( Figures 4C and 4D) . Thus, reduced levels of Fbw8 could contribute to defective IRS-1 degradation and suggest that Fbw8 is subject to regulation by mTORC2.
We then further examined how silencing expression of mTORC2 components can affect Fbw8 and IRS-1 levels. Knockdown of mTORC2 components in MEFs significantly reduced Fbw8 levels without decreasing CUL7 expression ( Figure 5A ). Knockdown of both mTORC1 and mTORC2 components augmented IRS-1 levels in adipocytes and myoblasts ( Figures  5B and 5C ). Strikingly, knockdown of mTORC2 components decreased Fbw8 expression ( Figures 5A-5C ). When Fbw8 expression was silenced, IRS-1 levels became dramatically enhanced ( Figure 5D ). Using Fbw8-deficient MEFs (Tsutsumi et al., 2008) , we also observed enhancement of IRS-1 levels similar to SIN1 À/À MEFs ( Figure 5E ). Next, we overexpressed Fbw8 in SIN1 À/À to determine if this would diminish IRS-1 expression. Increasing amounts of Fbw8 led to a decline in IRS-1 levels in SIN1 À/À ( Figure 5F ). Together, these results reveal that mTORC2 disruption can prevent IRS-1 turnover due to Fbw8 deregulation.
mTORC2 Stabilizes Fbw8 by Phosphorylation at Ser86
Next, we investigated how mTORC2 can regulate Fbw8. Upon CHX treatment, exogenous HA-Fbw8 declined dramatically from 6 to 12 hr, whereas it remained stable in the presence of SIN1 ( Figures 6A and S4 ). These observations suggest that mTORC2 could promote Fbw8 protein stability. We then examined how mTOR inhibition can affect Fbw8 levels and phosphorylation. Whereas rapamycin treatment from 15 min to 12 hr did not affect Fbw8 levels, Torin1 treatment progressively decreased Fbw8 expression levels over time ( Figure 6B ). Furthermore, Fbw8 mobility in Phos-tag gel was faster upon Torin1 treatment ( Figure 6B ), suggesting Fbw8 dephosphorylation upon mTORC2 inhibition. Since Fbw8 was pulled out as a putative mTOR target in a recent phosphoproteomic analysis (Hsu et al., 2011; Yu et al., 2011) , we examined how phosphorylation could stabilize Fbw8. First, we mutated the possible mTORC target Ser phosphorylation site (Ser86) to Ala. In the absence of SIN1, HA-Fbw8 had decreased phosphorylation as detected using phospho-Ser-Pro antibody (Figure 6C ). This phosphoantibody did not detect the mutant Fbw8 both in the absence or presence of SIN1, strongly suggesting that phosphorylation of Ser86 is dependent on mTORC2. We generated a phosphoantibody against this site and confirmed that phosphorylation of Ser86 in SIN1 À/À is abolished ( Figure 6D ).
Second, we performed an in vitro kinase assay to determine if mTOR can directly phosphorylate Fbw8. Robust phosphorylation of Fbw8, but not the mutant Ser86Ala, was observed when immunoprecipitated mTOR ( Figure 6E ) or HA-rictor ( Figure 6F ) from HeLa cells was used as the kinase source. Little to no phosphorylation occurred when mTOR or rictor was immunoprecipitated from Torin1-treated cells. These results indicate that mTORC2 can phosphorylate Fbw8 at Ser86. We then analyzed the role of Ser86 phosphorylation in Fbw8 turnover. Fbw8-S86A mutant had increased turnover compared to Fbw8-WT ( Figure 6G ). Decreased levels of Fbw8-S86A corresponded to enhancement of IRS-1 levels at prolonged time points. When Fbw8 was reconstituted in Fbw8-deficient MEFs, overexpression of WT Fbw8 led to downregulation of IRS-1 after prolonged insulin stimulation ( Figure 6H ). In contrast, IRS-1 levels remained elevated after overexpression of the mutant, corresponding to diminishing Fbw8-S86A expression at 12 hr. These results support that sufficient Fbw8 levels are required to prevent IRS-1 accumulation and that mTOR could directly phosphorylate Fbw8 to promote its stability, which is important for IRS-1 degradation.
Lack of Fbw8 Phosphorylation by mTORC2 Excludes
Fbw8 from the Cytosol and Prevents Degradation of Cytosolic IRS-1 Cytosolic IRS-1 is distinct from insulin-responsive IRS-1 and becomes degraded (Clark et al., 1998; Luo et al., 2005) . We postulated that decreased levels and defective phosphorylation of despite the presence of IRS-1 in the membrane in SIN1
À/À , phosphorylation at Tyr935 remained low ( Figure 7B ). This is consistent with results from Figure 4B demonstrating that inhibiting Ser phosphorylation in SIN1 À/À does not prolong Tyr935 phosphorylation. In WT, the majority of mTORC2 components localized to the membrane, whereas in SIN1 À/À , rictor and mTOR were more discernible in the cytosol ( Figure 7A ). On the other hand, Fbw8 was absent in the cytosol but found exclusively in the membrane fractions where it is phosphorylated at Ser86 ( Figure 7A ). These observations suggest that active IRS-1 colocalizes with Fbw8 and mTORC2 at the membrane.
Although IRS-1 Ser phosphorylation is implicated in its downregulation, it is unclear whether IRS-1 degradation occurs in the cytosol or membrane compartment. Since Fbw8 is only present in membrane-containing fractions under basal conditions ( Figure 7A ), we asked if it could colocalize with IRS-1 in the cytosol during prolonged insulin stimulation. Upon 1 hr insulin stimulation of WT, IRS-1 was depleted from the HSP and accumulated in the cytosol ( Figure 7C ). After 6 hr, IRS-1 in the cytosol was dramatically diminished as compared to 1 hr treatment. Interestingly, CUL7 and phosphorylated Fbw8 translocated to this compartment upon insulin stimulation. In contrast, Fbw8 was hardly detectable in the cytosol of SIN1 Figure 7D ). Together, these results reveal that in the absence of the mTORC2-mediated phosphorylation, Fbw8 is incapable of cytosolic translocation, thereby preventing degradation of cytosolic IRS-1. (E) In vitro translated HA-Fbw8 WT or S86A mutant was incubated with mock or mTOR immunoprecipitates from HeLa cells that were untreated or treated with Torin1 (lower panels). Proteins were separated using Phos-tag gel. Phosphorylated Fbw8 (arrowhead), which migrates slower than nonphosphorylated Fbw8 (asterisk), was detected using anti-Fbw8 antibody.
(legend continued on next page) 2005). Hence, the spatial and temporal regulation of its expression is tightly controlled. The hyperphosphorylation of IRS-1 at several serine residues, including the mTORC1/S6K-mediated phosphorylation, is a key event that has been linked to IRS-1 downregulation and degradation (Gual et al., 2005) . In our studies, we have found that mTORC2 is additionally required for proper turnover of IRS-1 and to prevent the accumulation of inactive IRS-1 in the cytosol. We provide evidence that mTORC2 can stabilize Fbw8, the substrate-targeting subunit of the CUL7 E3 ligase complex that has been shown to mediate degradation of IRS-1 (Xu et al., 2008) . We present a model whereby mTORC2 phosphorylates Fbw8 to modulate its stability and enable its translocation to the cytosol upon insulin stimulation ( Figure 7E ). In the cytosol, Fbw8 mediates the ubiquitylation and degradation of IRS-1. Our findings strongly support a role for mTORC2 in controlling IRS-1 cellular levels. Previous studies have demonstrated that mTORC1 inhibition by rapamycin prevents IRS-1 Ser phosphorylation (Haruta et al., 2000; Pederson et al., 2001; Takano et al., 2001) , although whether it blocks degradation has been controversial (Zhande et al., 2002) . Since chronic rapamycin treatment can also disrupt mTORC2 in some cell lines (Zoncu et al., 2011) , it is possible that mTORC2 inhibition could explain the effect on IRS-1 expression levels in some reports (Pederson et al., 2001; Shah and Hunter, 2006; Yu et al., 2011) . We have shown here that whereas acute rapamycin treatment has slight effects on IRS-1 expression levels, prolonged exposure can dramatically enhance IRS-1 and diminish Fbw8 levels similar to Torin1 treatment ( Figures 1E, 1F, 4C, and 4D) . These results are further substantiated in SIN1-deficient cells and by silencing expression of mTORC2 components. We note however that a previous report failed to observe changes in IRS-1 levels upon rictor or SIN1 knockdown (Tzatsos, 2009 ). Elevated IRS-1 expression levels were also observed in different cancer cell lines even after acute rapamycin treatment (O'Reilly et al., 2006) . The reason for the discrepancy with our findings is unclear, but it would be interesting to determine Fbw8 regulation under the conditions used in those studies. Enhanced mTORC2 signals likely serve as a negative feedback to diminish insulin signaling and prevent chronic activation of this pathway that can lead to uncontrolled cell growth.
IRS-1 downregulation during persistent insulin stimulation is coupled to a PI3K-dependent pathway (Hartley and Cooper, 2002; Smith et al., 1995) . IRS-1 Ser phosphorylation can be blocked using PI3K inhibitors (Haruta et al., 2000; Lee et al., 2000; Pederson et al., 2001; Sun et al., 1999; Zhande et al., 2002) . Furthermore, expression of a constitutively active form of PI3K induces IRS-1 Ser phosphorylation and degradation Haruta et al., 2000; Takano et al., 2001) . Given that mTORC2 can be activated by conditions that enhance PIP3 signals (Zinzalla et al., 2011) , our findings place mTORC2 as the missing link connecting PI3K activation to IRS-1 degradation. Inhibiting mTOR simultaneously with PI3K resulted in a similar increase in IRS-1 levels compared to mTOR inhibition alone ( Figures S3B-S3D and 4) , supporting that mTOR and PI3K act on the same pathway. How PI3K could promote mTORC2 activation remains elusive but speculatively could allow mTORC2 to phosphorylate Fbw8 at the membrane where they colocalize ( Figure 7A ). Since we have not observed enhanced Fbw8 phosphorylation during insulin stimulation (Figure 6D) , it would be interesting to determine if this mTORC2-mediated phosphorylation is also constitutive and occurs cotranslationally (Oh et al., 2010) . Whereas mTOR or PI3K inhibition up to 24 hr can prolong IRS-1 Tyr phosphorylation ( Figures  4B-4D, 7A , and 7B) (Haruta et al., 2000) , we did not observe such rescue in SIN1 À/À MEFs ( Figures 4B and 7B) . Consistent with this, we found diminished expression of IR in SIN1 À/À (Figure S5A ). Extended (48 hr) Torin1 treatment of WT could mimic SIN1 deficiency, eventually reducing both IRS-1 Tyr phosphorylation and IR expression ( Figure S5B ). In fact, other signals triggered by insulin were altered as well upon mTORC2 disruption such as reduced PIP3 production and enhanced p85 expression ( Figure 3 ). The former would be consistent with reduced IR signals and the latter could inactivate IRS-1 in sequestered compartments (Luo et al., 2005; Taniguchi et al., 2006) . Thus, mTORC2 not only couples PI3K to IRS-1 downregulation but has other yet-to-be-characterized roles in insulin signaling.
What is the role of mTORC2 in IRS-1 downregulation? Our results reveal that mTORC2 is required to prevent the accumulation of inactive IRS-1 in the cytosol. The compartment where inactive IRS-1 becomes degraded has been uncertain. Proteasome inhibition led to cytosolic accumulation of IRS-1 in adipocytes (Takano et al., 2001) , whereas it was retained in the membrane in HEK293T cells (Shah and Hunter, 2006) , suggesting the compartment where it is degraded could be cell type specific. Here, we demonstrate that mTORC2-regulated Fbw8 is crucial for degradation of cytosolic IRS-1 in MEFs. Previous studies by Xu et al. already demonstrated that IRS-1 is a proteolytic target of the CUL7 E3 ligase and that Fbw8 interacts with IRS-1 (Xu et al., 2008) . How Fbw8 is regulated and the compartment where it degrades IRS-1 has remained unclear but they have shown that the Fbw8 and IRS-1 interaction requires phosphorylation of IRS-1 by mTOR/S6K. However, inhibition of the Fbw8-mediated degradation of IRS-1 occurred upon 24 hr treatment with rapamycin (Xu et al., 2008) , raising a possible role for mTORC2 instead of mTORC1. Our findings now further elucidate how Fbw8 is regulated by mTORC2 via phosphorylation. Ser86 conforms to a Ser-Pro-Pro motif that is reminiscent of the Thr-Pro-Pro motif in the conserved turn motif of AGC kinases, which we have shown to be phosphorylated by mTORC2 for stability (Facchinetti et al., 2008; Oh et al., 2010) . Ser86 phosphorylation may not directly affect binding of Fbw8 with CUL7 ( Figure S6 ) but is critical for promoting the stability and insulininduced cytosolic localization of Fbw8 ( Figures 7C and 7D ). (E) Model for IRS-1 downregulation by mTORC1 versus mTORC2. Tyrosine-phosphorylated-IRS-1 on the membrane becomes Ser phosphorylated at several residues including the mTORC1/S6K-mediated sites after prolonged insulin stimulation. mTORC2 and Fbw8 colocalize at the membrane under basal conditions where mTORC2 phosphorylates Ser86 to stabilize Fbw8 and promotes its cytosolic localization upon insulin stimulation. During prolonged insulin stimulation, inactive serine-phosphorylated IRS-1 and Fbw8 colocalize to the cytosol where the former becomes ubiquitylated via Fbw8 and undergoes proteasomal degradation.
Indeed, F-box proteins can undergo autoubiquitylation and the binding of cognate substrates can prevent their selfubiquitylation (Pashkova et al., 2010) . Because Fbw8 in mTORC2-disrupted cells is excluded from the cytosol, the decreased interaction of Fbw8 with IRS-1 could subsequently predispose Fbw8 for autoubiquitylation. Fbw8 phosphorylation by mTORC2 would thus prevent its premature self-degradation and favor interaction with IRS-1 in the cytosol in the presence of insulin. Thus, although mTORC2 is predominantly in the membrane, it prevents accumulation of inactive IRS-1 in the cytosol by ensuring Fbw8 accessibility to this pool of IRS-1. How Fbw8 becomes sequestered in the cytosol in the presence of insulin remains to be elucidated. Our studies highlight the importance of mTORC2 in controlling cellular insulin sensitivity. mTORC2 disruption in mice led to insulin resistance (Cybulski et al., 2009; Kumar et al., 2010) , and yet increased life span was also reported under mTORC2-disrupted conditions (Lamming et al., 2012) . It would be interesting to determine how defective IRS-1 turnover could contribute to the metabolic defects in these mice. Dampening the negative feedback regulatory signals from mTORC2 could enhance insulin sensitivity and have beneficial effects on life span extension.
EXPERIMENTAL PROCEDURES Plasmids and Reagents
Myc-Fbw8 plasmid (Xu et al., 2008 ) was a gift from Dr. Z.-Q. Pan (Mount Sinai School of Medicine). The full clone of mouse Fbw8 (mFbw8) gene isolated from MEFs using PCR-based methods and mutant Ser86Ala generated by a PCRbased site-directed mutagenesis method were subcloned into pCI-HA vector. Fbw8 phospho-S86 antibody (SRSRpSPPDRDA) was custom generated by arrangement with Bio-Synthesis, Inc. (Lewisville, TX). All chemicals were purchased from Sigma (St Louis, MO) unless otherwise noted. MG132 and Torin1 were purchased from Tocris (Ellisville, MO). SIN1 plasmid and sources for most antibodies were described previously (Oh et al., 2010) . Antibodies to Fbw8 were from Dr. J. DeCaprio (Dana Farber Cancer Institute); p-IRS-1 (S636/639, S302), p-Ser-Pro, p85, and p110 were from Cell Signaling (Danvers, MA); IRS-1, p-IRS-1 (Tyr 941), and SIN1 were from Millipore (Billerica, MA).
Cell Culture, Gene Silencing, Transfection, and Metabolic Labeling WT and SIN1 À/À MEFs or Fbw8 À/À MEFs were cultured as previously described (Oh et al., 2010; Tsutsumi et al., 2008) . siRNA against mTOR and SIN1 were purchased from Dharmacon (Lafayette, CO); rictor and raptor were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Cells were transfected with indicated amounts of plasmid DNA or siRNA. Cells were harvested 48 hr posttransfection. For metabolic labeling, cells were first starved for 90 min in Met/Cys-free media, labeled with 100 mCi of a [ 35 S]Met/Cys mixture (Perkin-Elmer, Waltham, MA) for 4 hr and chased with 10% fetal calf serum (FBS)-containing media for 90 min. 3T3-L1 fibroblasts obtained from ATCC (Manassas, VA) were cultured at 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) containing 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% FCS. 3T3-L1 fibroblasts were differentiated to adipocytes by addition of differentiation medium (DMEM containing 10% FBS, 500 mM IBMX, 250 nM dexamethasone, and 870 nM insulin). 3T3-L1 adipocytes were used between 7 and 9 days after initiation of differentiation, when more than 90% of the cells exhibited an adipocyte-like morphology. The differentiation to mature adipocytes was confirmed by Oil Red O staining of lipid vesicles and by immunoblotting using the specific adipocyte marker PPARg. L6 myoblasts were cultured at 5% CO 2 in DMEM containing 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% FBS. At 100% confluency, media was replaced with 2.5% horse serum-containing DMEM and changed at 2 day intervals. By day 7, cells express the myotube phenotype. Cells were used for experiments between days 7 and 10.
Immunoprecipitation and Immunoblotting
Cells were rinsed with ice-cold PBS and harvested using lysis buffer (40 mM HEPES [pH 7.9], 120 mM NaCl, 1 mM EDTA) containing 0.3% CHAPS or RIPA buffer for analysis of ubiquitylation. Lysates (300-500 mg) were incubated for 4 hr with indicated antibodies, except for IRS-1, which was immunoprecipitated overnight at 4 C, followed by incubation with protein A/G-agarose or Sepharose beads for 2 hr. After incubation, beads were washed three times with lysis buffer. To analyze total extracts, cells were lysed in RIPA buffer (150 mM NaCl, 25 mM Tris [pH 7.4], 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, 1 mM Na 3 V0 4 , 1 mM NaF, and protease inhibitor cocktail). The lysates were centrifuged at 16,000 3 g for 30 min at 4 C. Total extracts or immunoprecipitated proteins were fractionated by SDS-PAGE followed by immunoblotting. Phos-tag acrylamide gels (Wako, Richmond, VA) containing 200 mM MnCl 2 were used for analysis of phosphorylated proteins. Blots were visualized using enhanced chemiluminescence. Quantification of immunoblots was performed using ImageJ analysis.
PIP3 Measurement
WT and SIN1 À/À MEFs were starved overnight, pretreated with LY294002 for 1 hr as indicated, then restimulated with serum. Cells were washed twice with ice-cold PBS and PIP3 was extracted and measured using PIP3 Mass ELISA kit (Echelon Biosciences, Inc., Salt Lake City, UT).
Subcellular Fractionation
Cells were washed twice using ice-cold PBS and homogenized in buffer (10 mM Tris [pH 7.4], 0.5 mM EDTA, 25 mM sucrose, supplemented with a mixture of protease and phosphatase inhibitors) by passing through a 27.5G needle (Becton Dickinson, Franklin Lakes, NJ) 15 times. The homogenate was centrifuged at 1,000 3 g for 10 min at 4 C to separate LSP and the supernatant was recentrifuged at 200,000 3 g for 1 hr at 4 C to obtain cytosol and HSP fractions. The LSP and HSP were resuspended with RIPA and IP buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100), respectively.
Kinase Assay mTOR or HA-rictor was immunoprecipitated from HeLa cells that were untreated or treated with Torin1. In vitro translated and purified HA-Fbw8 or HA-Fbw8-S86A was used as substrates and added to immunoprecipitates along with kinase buffer (50 mM HEPES [pH 7.4], 200 mM KOAc, 2 mM MgCl 2 ) and 500 mM cold ATP, incubated at 37 C at 500 rpm for 30 min.
Reaction was stopped by addition of SDS-PAGE loading dye.
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